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Single point incremental forming (SPIF) process is gaining popularity for rapid manufacturing of complex
3D shapes. The present study is aimed at numerically predicting the failure using the Gurson-Tvergaard-
Needleman (GTN) model and further clarifying the deformation mechanics in SPIF. Deformation me-
chanics and failure in SPIF process are examined numerically by simulating a straight groove test. Solid
ﬁnite element (FE) models have been employed to investigate deformation modes. The GTN damage
model has successfully predicted forming limits in the straight groove test. It is shown that failure,
regardless of the incremental sheet forming (ISF) conditions, occurs when the damage parameter (d)
approaches one. Furthermore, effective plastic strain, hydrostatic pressure, vertical tool force and
through thickness strain gradient increase with an increase in step size. Finally, it is shown that an in-
crease in hydrostatic pressure and increase in through thickness strain gradient enhance formability.1. Introduction
Single point incremental forming (SPIF) is gaining popularity for
rapid manufacturing of highly customized parts to be produced in
small lots for various transportation andbiomedical applications. SPIF
is ﬂexible and economical, compared to conventional stamping, as
sheet deformation is carried out by a cylindrical rod with a spherical
end, thus eliminating the requirement of dedicated dies. The ﬂexi-
bility and simplicity have engendered an ever-increasing focus on
research over the years. The majority of research has focused on un-
derstanding applications [1,2], geometric accuracy [3], deformation
mechanisms [4,5], formability [6] and process parameters [7].
SPIF method was patented by Leszak [8] in 1967. Academic
research on the process was initiated in Japan in the 90s, [9,10].
Zheng et al. [11] reviewed various forming techniques for light-
weight aluminum alloys. They concluded that single point incre-
mental forming enables the manufacturers to produce complex
shapes. The major focus of research on incremental forming has
been on identifying mechanics underlying enhanced formabilityghulam.hussain@giki.edu.pk
pinosa).and evolution of plastic deformation. Effect of tool type, size, feed
rate and friction on formability was investigated by experiments
and, simultaneously, ﬁnite element analyses were performed by
Kim and Park, [12]. They recommended that the straight groove test
can be used to assess the formability. Experimental investigation of
SPIF mechanics was conducted by Jackson and Allwood, [13]. The
authors concluded that fundamental deformation mechanisms are
bending, stretching and shear. Furthermore, it was shown that
shear parallel and perpendicular, to tool motion, are higher in in-
cremental forming than other conventional forming processes.
Jackson and Allwood [13] proposed that increased formability may
be caused by increasing shear during plastic deformation. Emmens
and van den Boogaard [14] discussed six mechanisms to under-
stand deformation mechanics and inﬂuence on increased form-
ability in ISF. They concluded that contact stresses, simultaneous
bending, and tension combined with the shear play crucial role in
immense localized deformation. Furthermore, cyclic straining and
hydrostatic stress inﬂuence the delayed necking. McAnulty et al. [6]
conducted a quantitative literature review and analyzed experi-
mental results from literature which focused upon the inﬂuence of
SPIF process parameters on formability. They summarized that
parameters vis-a-vis material thickness, tool size, spindle speed,
and feed rate should be optimized, taking the mutual interaction of
these parameters into account. Al-Ghamdi and Hussain [15] con-
ducted a study to characterize operating conditions that maximize
Fig. 1. A straight groove test specimen clamped below the hemispherical head tool.formability in SPIF and lead to stable plastic deformation without
any undue surface cutting. They concluded that tool radius and
blank thickness are closely related to ensure stable deformation.
Most of the previous works focused on historical development and
deformation mechanisms of SPIF, while failure prediction needs
special attention. Therefore, it is a useful addition to have a dedi-
cated study on the prediction of failure in the SPIF process and carry
the process to successive technological maturity.
In sheet forming, the failure occurs due to a combination of
mechanisms including, void nucleation and coalescence, shear band
formation and plastic instability, [16]. In order to understand the
developmentof failure inSPIF, deformationmodes andstates of stress
and strain in the localized deformation zone should be known. SPIF
manifests more than one deformation modes such as plane strain
stretching situation in ﬂat surfaces, plane strain stretching occurring
in rotational symmetric surfaces and equal bi-axial stretching taking
place at corners [5]. Martins et al. [17] have presented a closed-form
analysis modeling the fundamentals of SPIF. Their model takes into
account ductile damage but is limited as it is based on membrane
analysis. Experiments performedbyMartins et al. [17] combinedwith
ﬁndings recovered from literature conﬁrmed that their proposed
theoretical work was adept to address the effect of major forming
parameters and explain enhanced formability of SPIF. Another
analytical model developed, for SPIF, by Fang et al. [18] is capable of
describing the localized mechanics of deformation and fracture
behavior. Theirmodel takes into account the bending effect and strain
hardening. But it is based on plane strain assumptions, therefore,
inherently lacks to take into account the 3-D state of strain.
Lin et al. [19] have presented a review of the development of
micro-damage under various deformation conditions. Zhang et al.
[20] have presented a review on modeling techniques for predic-
tion of forming limit diagrams (FLDs). They concluded that con-
tinuum damage mechanics based models are capable of predicting
sheet metal FLDs. Wu et al. [21] have applied an isotropic Lemaitre
model for damage prediction in incremental forming. The Gurson-
Tvergaard-Needleman (GTN) approach is based on void mechanics
and is one of the well-known models for ductile fracture, [20,22].
Gologanu et al. [23] extended the GTN model, which was later
successfully applied by Brunet et al. [24] to determine classical
forming limit diagrams (FLDs) of Ni-based sheet metal and an
aluminum alloy. Hirt et al. [25] have applied the GTN model to
qualitatively determine the damage in incremental forming. Very
recently, some efforts have been dedicated to the application of
GTN model in incremental forming, [26e28].
From the previous discussion, it is concluded that enhanced
formability, in particular, the inﬂuence of strain gradient upon
enhanced formability needs to be further explored. Therefore, in
the present paper, the GTN model is applied to predict failure in
incremental forming and enhance understanding of deformation
mechanics under various conditions. Fracture is predicted in
straight groove test. Solid ﬁnite element (FE) models have been
employed. Step size and sheet thickness are varied and deformation
characteristics namely, effective plastic strain, hydrostatic pressure,
damage, tool forces, minimum principal strain gradient, shear
strains, and forming limits are quantiﬁed. The relationship between
through thickness strain gradient and enhancement of formability
is a salient ﬁnding of this study.
2. Experimental setup
In the present study a 1:5mm thick AA-2024O sheet, was
employed. The specimens were cut from this sheet in the rectan-
gular shape of 120mm  60mm. The sheet was clamped in a
ﬁxture, as shown in Fig. 1, and forming areawas 100mm  40mm.
A hemispherical head tool with radius 8mm, made of tool steel,traveled back and forth a distance of 60mm under a constant feed
rate of 10mm per secondwith ﬁxed step size normal to the plane of
the sheet. The sheet was then removed from the ﬁxture and major
and minor strains were measured from the grids (1:5 mm 
1:5mm) which had been printed on the non-contact side.3. Finite Element Modeling
3.1. Constitutive law and model validation
Dog bone specimen of AA-2024O blank, according to ASTM-E8
[29], were prepared and tested in a universal testing machine.
Results of a typical test are shown in Fig. 2. The physical parameters,
elastic modulus and, yield stress were determined from these tests
and are summarized in Table 1.
The force-displacement curve, obtained from experiment, was
then converted to true stress-strain curve and the results are shown
in Fig. 3. The experiment was simulated by the commercial FEA
software, LS-Dyna®, and this curve was input via the piecewise
linear elastic-plastic material model available in the software. The
results obtained from the simulation of a uniaxial test were
compared with experimental test results. A good comparison was
obtained as depicted in Fig. 2.
Gurson ﬂow function is deﬁned as:
f ¼ s
2
M
s2Y
þ 2q1f * cosh

3q2sH
2sY

 1 q1f *2 ¼ 0
Here, sM is the equivalent von Mises Stress, sY is yield stress, sH
is the mean hydrostatic stress and is deﬁned as ðs1þ s2þ s3Þ=3. s1,
s2, and s3 are principal stresses. The effective void volume fraction
is deﬁned as:
f *ðf Þ ¼
8><
>:
f f  fc
fc þ 1=q1  fcfF  fc
ðf  fcÞ f > fc
The quantities denoted as q1, q2, fc, and fF are constitutive ma-
terial constants as described in Refs. [31,32]. For the parameter f , its
time derivative ( _f ) sums the growth of existing voids _f G and void
nucleation rate _f Ni.e.
_f ¼ _f G þ _f N
Fig. 2. Uniaxial test, comparison of experimental and numerical force vs. displacement
curves.
Table 1
Material properties of AAe2024O for FEA, [30].
Density,r
(kg=mm3)
Young's Modulus,E
(GPa)
Poisson's ratio,
n
Yield stress,sy
(MPa)
2730 73 0.3 80
Fig. 3. True Stress-Strain curve for AAe2024O material used in FEA.The growth of existing voids is a function of principal strain
rates:
_f G ¼ ð1 f Þ _εpkk
And void nucleation rate _f N ¼ A _εp, where function A is deﬁned
as.Table 2
GTN material properties, [33].
q1 q2 fc f0 εN SN fN fF
1.5 1.0 0.0035 0.002 0.4 0.1 0.01 0.16A ¼ fN
SN
ﬃﬃﬃﬃﬃﬃ
2p
p exp
 
 1
2

εp  εN
SN
2!
Here fN , SN , and εN are material constants and voids are nucle-
ated only in tension. The dimensionless material damage param-
eter d is expressed as:
d ¼ f  f0
fF  f0
GTNmaterial parameters used in the present study are shown in
Table 2. The same parameters were used for the simulation of
uniaxial test presented earlier and line test which will be presented
in the coming paragraphs.
3.2. Finite Element Model of line test
Numerical simulations by ﬁnite element method were per-
formed using commercial ﬁnite element code LS-Dyna®. LS-Dyna®
was selected for ﬁnite element analysis due to its well-recognized
status in solving problems involving contact and large de-
formations at better computational speed, [34].
3.2.1. Spatial discretization and tool path
The SPIF process manifests, notably, immense shear de-
formations. Therefore, solid elements are employed for the mesh-
ing of the sheet. Eight-node, hexahedron, solid elements with one
integration point are used to speed up the calculation and
circumvent the problem of shear locking observed in fully inte-
grated elements. Thickness direction is discretized by three ele-
ments. In the present study, 100 elements along length and 40
along thewidth, respectively, are used to represent the blankwhich
results in a total of 12,000 solid elements. Stiffness-based hourglass
control formulation for explicit ﬁnite elements is turned on to
diminish the effect of zero-energy deformation modes that may
develop during numerical simulation of sheet deformation and
render the numerical results unusable. Furthermore, two sheet
thicknesses, 0:75mm and 1:0mm, were considered and are rep-
resented by the symbol “ts”.
In the current study, the outer periphery of the model was
constrained by restricting all the three degrees of freedom of nodes
in x, y and z directions to impede the material from ﬂowing during
the forming process. This is identical to the clamping of blank
boundaries realized during actual tests. The complete meshed
model employed in this study is presented in Fig. 4 (a).
Hemispherical head forming tool, with radius 8mm, was
meshed by the rigid shell (quad) elements. To ensure better rep-
resentation of curved tool surface, repartition of nodal forces and
contact conditions, the forming tool element size was slightly less
than 1mm  1mm. The relative sliding behavior at the contact
interfaces between forming tool and blank was modeled by Cou-
lomb's law of friction. Oil lubricant was used during actual tests and
a frictional coefﬁcient of fs ¼ 0:18 was used in the numerical cal-
culations to represent steel/aluminum contact, [4]. Furthermore,
segment-based contact with warped segment checking in sliding
option was activated. The forming tool was constrained to move
only in xz-plane. A schematic of the tool-path is presented in Fig. 4
(b). It is worth noting that (two different) step down sizes 0.5 mm
and 1.0 mm are studied. Step down is represented by the symbol
“Pz”.
3.2.2. Simulation time
Stability of the explicit integration algorithm is limited by the
time step size [35]. Traditionally, this type of algorithm is more
Fig. 4. Finite Element Model of single groove test (a) meshed plate and tool (b) tool path.
Fig. 6. Section view showing element locations in an undeformed and deformed blank.suitable for rapid dynamic simulations. However, it can be applied
to simulate nonlinear, large deformation and contact of multiple
deformable bodies. All these factors combine to the selection of the
explicit method for numerical simulation.
It is important to ﬁnd an appropriate time duration for the vir-
tual experiment that engenders numerical results comparable to
experimental ones. Nevertheless, this modiﬁcation must not
generate numerical artifacts such as kinetic energy due to spurious
oscillations which pollute the numerical results.
For the strain rates under consideration, the material behavior is
independent of strain rate, [36]. Therefore, the simulation time was
chosen to be of appropriate length. Several simulations were car-
ried out with higher tool feed to identify the smallest time which
does not introduce spurious numerical effects. Finally, a simulation
time of 0:06 sec was chosen, which lead to a tool feed rate of
10m=sec. Similarly, the tool travel in the z-direction, step down
speed, was 10m=sec.3.2.3. Fracture in the line test
The value of damage parameter d, as deﬁned in the GTN model,
varies from 0 to 1. These values represent fully intact and fractured
material states, respectively. Fig. 5 shows a contour plot of damage
variable d for a typical 100mm  40mm blank from the top. We
observe that fracture occurs below the tool as shown by a red circle.
As soon as the value of damage parameter d reaches 1 in an
element, it is deleted from the calculation by applying element kill
technique to represent the fracture.4. Results and discussion
In order to investigate the local deformation behavior in straight
groove test, elements on the inner surface (in contact with tool) and
the outer surface (not in contact with tool) were selected, see Fig. 6
for this deﬁnition and location. It was observed that fracture always
occurred at corner, this location has been highlighted in the same
ﬁgure. The element numbers for one typical simulationFig. 5. Contour plot of damage variable, d, showing fracture predicted by FEA.representing the locations are also shown in the ﬁgure. Results at
the corner and away from the corner will be analyzed in the
following paragraphs.
To understand the deformation mechanics and damage evolu-
tion in SPIF, some key deformation indicators were analyzed. These
indicators include effective plastic strain (εp), hydrostatic pressure
(p), shear strain parallel to tool travel direction (ε23), shear strain
perpendicular to tool travel direction (ε13) and damage variable (d).
These indicators are plotted for inner and outer elements as shown
in following the ﬁgures.4.1. Effective plastic strain
Evolution of effective plastic strain, εp, as a function of forming
depth is plotted in Fig. 7. The ﬁgure illustrates the inherent me-
chanics of incremental forming that effective plastic strain isFig. 7. Plastic strain (εp) in elements at and away from the corner, as a function of
forming depth (ts ¼ 1.5 mm).
increasing with forming depth for all the elements under consid-
eration. The plastic strain development gradually evolves with each
incremental pass. The elements located at the inner surface of the
blank exhibit lower value of plastic strain, while those located on
the outer surface show higher plastic strain. This difference in-
dicates the existence of the local bending effect, as shown by
Ref. [13]. This can be explained by the bending theory, [37], the
inner surface elements are being compressed while outer surface
elements are being stretched.
A comparison of plastic strain accumulation in elements across
the thickness for different step sizes (represented by the symbol Pz)
and sheet thickness (ts) is shown in Fig. 8. For same sheet thickness,
it can be seen that the plastic strain prior to fracture increases from
59% to 67% in the inner element at the corner, Fig. 8(a), with a
decrease in step size from 1:0mm to 0:5mm. It is further observed
that the magnitude of increase in plastic strain is more for the inner
element as compared with the increase for the middle or outer
element. Moreover, the decrease in sheet thickness from 1:0mm to
0:5mm, manifests itself as a decrease in plastic strain accumulation,
which is contrary to the decrease in step size.
Away from the corner, Fig. 8(b), plastic strain decreases for both:
the decrease in step size as well as sheet thickness. The decrease is
more than 10% for elements on the inner and outer surface. This can
be attributed to biaxial stretching at corner as compared with the
plane strain compression away from the corner.4.2. Hydrostatic pressure
Fig. 9 shows hydrostatic pressure evolution as a function of time.
Overall, the tension-compression behavior of bending case mani-
fests a negative value of hydrostatic pressure in the inner surface
and positive value in the outer surface. The isolated peaks at start
and end of loop enclose stable regions during horizontal tool travel.
The peaks can be neglected as these occur during the step down
when the tool pushes vertically down into the plane of the blank.
During the start i.e. between 1 10msec, compression and tension
observed are approximately equal. The difference between these
two values decreases with the passage of time. As the tool performs
a straight groove in the blank, the elements lying perpendicular to
the tool motion start sharing the contact force and the hydrostatic
pressure is distributed in the contact elements, see Fig. 9(a) be-
tween 38 48msec. This decrease is more pronounced in the inner
surface elements as compared with the outer surface elements.
A summary of hydrostatic pressure developed, in elements at
corner and away from the corner, at the start of the simulation and
before the fracture is presented in Table 3. Hydrostatic pressure is
more at the corner than away from the corner. Furthermore, the
magnitude of hydrostatic pressure, although compressive in nature,
is higher in inner elements as compared with outer elements whichFig. 8. Comparison of plastic strain before fracture, (a) atare in tension, for the thicker sheet. Whereas, for thinner sheet, the
magnitude of hydrostatic pressure exhibits little variation for inner
and outer elements. Additionally, the magnitude of hydrostatic
pressure, in inner elements, decreases with the passage of time for
all the set of parameters considered in the present study. While, in
outer elements of the thicker sheet (ts ¼ 1:0mm), the hydrostatic
pressure decreases and for the thinner sheet (ts ¼ 0:75mm), the
hydrostatic pressure increases, irrespective of step size. This
behavior can be attributed to relatively higher stretching experi-
enced by the thinner sheet.
4.3. Damage
Fig. 10 shows the evolution of damage variable, d, with respect
to time. For the inner and outer surface elements the damage
variable increases in steps. The gap between the two elements is
small at the start and increases with the passage of time for corner
element. The same is not true for an element located away from the
corner.
It is further noticed that the fracture occurs at the corner during
the step-down, when the tool pushes vertically down, the damage
variable, d; shoots to the value of 1. Away from the corner, the value
of damage variable is z0:8 for inner element and z0:85 for the
outer element. The fracture predicted by FEA starts from the outer
surface and then propagates toward inner surface, this is in
agreement with the experimental observations.
Damage accumulation in elements across the thickness for
different step sizes and thickness is shown in Fig.11. The decrease in
step size from 1mm to 0:5mm results in a lower value of damage at
both locations (i.e. corner and away from the corner). While the
change in thickness from 1:5mm to 0:75mm does not cause the
damage parameter to vary signiﬁcantly.
4.4. Tool force
The evolution of the tool force reported is plotted in Fig. 12. For
all the cases studied here, it is observed that the tool forces keep on
increasing and stabilize before fracture. The decrease in step-size
results in a lower magnitude of forces exerted by the tool which
is similar to the observation for the case of the thinner sheet. This
difference can be attributed to the decrease in stiffness of the tool-
blank system with a decrease in step-size and sheet thickness.
These results are in agreement with a previous experimental study
conducted by Al-Ghamdi and Hussain [38].
4.5. Minimum principal strain gradient
Fig. 13 shows the evolution of the gradient of the minimum
principal strain. This value was obtained by subtracting thecorner/failure and (b) away from the corner/failure.
Fig. 9. Comparison of plastic strain (a) at corner and (b) away from the corner before fracture takes place (ts ¼ 1.5 mm).
Table 3
Summary of hydrostatic pressure (p in MPa) in elements under consideration.
Forming parameters At corner Away from the corner
Element location Start of simulation Before fracture Start of simulation Before fracture
Pz 1.0 mm Inner element 130 5 95 10
ts 1.5 mm Outer element 85 50 80 70
Pz 0.5 mm Inner element 120 5 90 5
ts 1.5 mm Outer element 75 45 70 65
Pz 1.0 mm Inner element 75 60 70 5
ts 0.75 mm Outer element 75 80 70 80
Fig. 10. Damage variable, d, as a function of time (ts ¼ 1.5 mm).
Fig. 11. Comparison of damage at and away from corner/failure.minimum principal strain of outer element from the minimum
principal strain of inner element. These graphs are plotted until the
last value obtained before the fracture is predicted by the software.
The strain gradient depicts stable zones between ﬂuctuations
occurring due to step-down. These stable zones ascend in steps,
reach a peak stable value and then descend prior to fracture. For
different values of step-down and sheet thickness, it is observed
that the peak value of this gradient is more for an element at corneras compared with the element away from the corner. In the stable
zone, prior to fracture, for a step-size of 1mm and sheet thickness
1:5mm, the strain gradient at corner is 0:072 (7:2%) and away from
the corner is 4:8%. While, for the step-size of 0:5mm and same
sheet thickness, the strain gradient remains identical i.e. 4:5 %.
Moreover, for the step-size of 1mm and sheet thickness of
0:75mm, the strain gradient at corner is 4:2 % and away from the
corner is 2:4 %. The descent in the strain gradient can be attributed
Fig. 12. Comparison of tool forces.to the fact that the contact area has increased towards the fracture
as compared with the start of the simulation.4.6. Shear strain parallel to tool travel direction
The evolution of shear strain (ε23) parallel to the horizontal di-
rection of tool motion is plotted in Fig. 14. The magnitude of shear
in elements near the corner, see Fig. 14(a), is higher as compared
with the shear strain in elements away from the corner, see
Fig. 14(b). The peaks in both locations occur at a similar instance of
time, this can be attributed to the step down i.e. when the tool
pushes vertically into the plane of the blank. Another trend is
visible in Fig. 14(b) i.e. the higher shearing experienced by the inner
element during the start of simulation as compared with the outer
element. As the simulation progresses, the tool becomes immersed
in the sheet, shear in outer elements becomes more than the inner
element at the corner. This difference can be attributed to biaxialFig. 13. Gradient of (through thickness
Fig. 14. Shear strain (ε23) pstretching in the corner region as already reported by Silva et al.
[39].
4.7. Shear strain perpendicular to tool travel direction
The shear strain (ε13) perpendicular to horizontal tool motion is
plotted in Fig. 15. Inner elements, both at the corner and away from
the corner, experience higher shear as compared with outer ele-
ments. Furthermore, shear perpendicular to tool travel is higher
than that parallel to it. This observation is different as compared
with results already reported by Li et al. [4] and Smith et al. [40].
The difference can be attributed to themixed stress-strain state due
to blank geometry of straight groove test. In contrast with the shear
parallel to tool motion, shear perpendicular to tool motion is nearly
identical, at and away from the corner, before fracture.
4.8. Forming limit prediction
The forming limit diagram (FLD), developed by Keeler and
Backhofen, [41], has been widely used for failure diagnosis in sheet
metal forming. This diagram is essentially dependent upon the
strain state and not on the boundary conditions. The FLD is ob-
tained by plotting a graph of the major strain (ε11) vs. minor strain
(ε22). The detailed procedure of its construction can be found in
Marciniak et al. [37]. Forming limits predicted by the GTNmodel are
shown in Fig. 16. The GTNmodel used in the present study, predicts
7% lower values of forming limit as compared with the experiment,
see Fig. 16(a). A comparison of experimental and numerical results
for different combinations of step sizes and sheet thickness is
shown in Fig. 16(b). It is further observed that the formability
decreased with a decrease in step size, from 1mm to 0:5mm.
Similarly, for the case of a thinner sheet, the decrease in formability
is 1%, which is not signiﬁcant.
The forming limits predicted by GTN model are in close agree-
ment with the experimental values for the set of parameters
studied. The difference between experimental and numerical) minimum principal strain (ε33).
arallel to tool motion.
Fig. 15. Shear strain (ε13) perpendicular to tool motion.
Fig. 16. Forming limit prediction by using the GTN model, (a) FLD and (b) histogram of plane strain intercept.
Table 4
Summary of parameters, strain gradient, and plane strain intercept.
Step down, Pz
(mm)
Sheet thickness, ts
(mm)
Strain Gradient
(%)
Plane strain intercept
(%)
1 1.5 7.2 44
0.5 1.5 4.6 38
1 0.75 4.8 43results is found to be less than 10%. Therefore, the GTN model can
be used for prediction of forming limits.
The hydrostatic pressure, as elaborated in section 4.2, inﬂuences
formability. It is observed that for a larger step size, i.e. 1mm as
compared with 0:5mm; higher hydrostatic pressure is obtained.
This, henceforth, results in higher formability.
To the authors' knowledge, a relationship among strain gradient
and formability have not been discussed in the ISF literature.
Therefore, a summary of forming parameters, resultant strain
gradient and predicted forming limits are shown in Table 4. A
general trend is visible i.e. formability increases with an increase in
strain gradient. Emmens and van den Boogaard [14] have reported
that bending enhances the deformation stability and thus improves
the formability. The effect of strain gradient observed herein study
has a similar effect as reported by Emmens and van den Boogaard
[14]. This dictates a link between strain gradient and bending. The
exact relationship between these two quantities and their effect on
fracture on wider range needs to be further explored.
5. Conclusions
In the present work, Finite Element models with solid elements
of a straight groove test have been employed to investigate the
deformation mechanics and fracture prediction capability of a GTN
model. It has been shown that GTN model can be successfully
applied to predict failure in incremental forming. Furthermore,
deformation characteristics were found to be sensitive to thetechnological parameters speciﬁcally hydrostatic pressure and
through thickness strain gradient.
The evolution of hydrostatic pressure and various strain com-
ponents during numerical simulation of straight groove test have
been investigated. The hydrostatic pressure experienced by an
element directly below the tool is higher in the start and decreases
with the passage of time as the tool vertically plunges into the
sheet. Hydrostatic pressure is compressive in inner elements and
tensile in outer elements, which suggests that fracturing in ISF if
occurs, starts from the outer surface. The dimensionless damage
parameter starts with an initial value of 0.0, rises inmagnitudewith
each step down of the tool and reaches amaximumvalue of 1.0. The
damage predicted by the GTN model is higher in outer elements as
compared with inner elements. The maximum force measured at
the tool increases with step down and reaches a stable zone before
falling down due to fracture of the blank. Shear strain parallel to
tool travel and perpendicular to tool travel is higher for elements at
the inner surface as compared with elements at the outer surface.
Higher values of hydrostatic pressure improve formability.
The strain gradient depends upon sheet thickness and the step-
size. For the set of parameters considered in the present study,
higher values of step size cause higher strain gradient which in turn
improves formability. This is being reported for the ﬁrst time in
incremental sheet forming literature. However, a more detailed
study is required for the identiﬁcation of a relationship between
enhanced formability and strain gradient.
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